Background: The molecular profile of circulating blood can reflect physiological and pathological events occurring in other tissues and organs of the body and delivers a comprehensive view of the status of the immune system. Blood has been useful in studying the pathobiology of many diseases. It is accessible and easily collected making it ideally suited to the development of diagnostic biomarker tests. The blood transcriptome has a high complement of globin RNA that could potentially saturate next-generation sequencing platforms, masking lower abundance transcripts. Methods to deplete globin mRNA are available, but their effect has not been comprehensively studied in peripheral whole blood RNA-Seq data. In this study we aimed to assess technical variability associated with globin depletion in addition to assessing general technical variability in RNA-Seq from whole blood derived samples.
Introduction
Molecular profiles of circulating blood can be associated with physiological and pathological events occurring in other tissues and organs of the body [1, 2] . Peripheral whole blood is therefore a highly desirable tissue for developing diagnostic biomarker tests, due to its ease of accessibility and the low risk associated with its collection, as compared to invasive organ biopsies. To identify transcripts in peripheral blood that can potentially be used as diagnostic biomarkers, it is advantageous to utilize a technology that is highly sensitive and provides accurate quantification of RNA species. Conventional microarray technologies have been widely used for such purposes [3] [4] [5] [6] . High-throughput DNA sequencing is a promising alternative transcriptome profiling technology that provides the greater sensitivity, transcript coverage and range, and data quality required for such investigations [7, 8] .
In addition, such data may generate a more complete and comprehensive understanding of changes in transcript populations present in peripheral whole blood that are associated with disease, potentially providing insight into the molecular processes involved.
Globin dominates the peripheral whole blood transcriptome, accounting for 80-90% of transcript species. This overabundance may affect our ability to accurately detect other transcripts, particularly those with lower expression. This concern is not new. Experimental methods to specifically deplete globin RNA (globin depletion; GD) have been proposed as a possible solution and assessed on various technology platforms, including microarrays [9] [10] [11] [12] and deep Serial Analysis of Gene Expression (SAGE) [7] , but how it may affect RNA-Seq has not previously been characterized. This is of particular interest with the rapid adoption of RNA-Seq technology and the popularity of blood as a tissue for investigation. Arguably, globin transcript abundance is of particular concern in high-throughput sequencing applications, which rely on random sampling of the entire transcript pool to assess relative expression.
Chemical processing of delicate and often limited mRNA samples can potentially introduce variability, skewing data acquisition and preventing an accurate and consistent assessment of the data. The minimization of sample variation is of particular concern when attempting to identify and validate potential biomarkers for specific clinical purposes. In this study we investigate the applicability of RNA-Seq for transcriptome analysis from whole blood samples. Using a widely available globin depletion method we ask if globin depletion can reveal lowabundance transcripts otherwise masked by globin transcripts and we assess technical and biological variability associated with using globin depletion. We investigate the level of technical variability inherent in RNA-Seq data production and biological variability across transcriptome samples donated by six healthy individuals. Finally, we perform a limited differential gene expression analysis between globin depleted (GD) and non-globin depleted (NGD) samples in order to study any systematic effects of globin depletion on gene expression.
Materials and Methods

Ethics Statement
This study was conducted at the University of British Columbia and was approved by the UBC-Providence Health Care Research Ethics Board. Research participants gave informed written consent.
Study design
We wished to investigate the effects of globin depletion on RNA-Seq peripheral whole blood transcriptome data. To do so we designed a study of a small collection of biological replicates (6 healthy individuals; 3 males, 3 females), as well as 6 technical replicates created from pooled total RNA extracted from peripheral whole blood across all 6 biological samples. These samples were then separated into two aliquots, submitted to globin depletion or not. A set of synthetic RNA spike-in controls (External RNA Controls Consortium [ERCC] spike-in mix) were additionally added to each of the 12 samples prior to sequencing, in order to assess detection sensitivity threshold under NGD vs. GD treatment. Finally, all 24 RNA samples were sequenced twice across two lanes, providing us with a final set of most similar technical replicates (12 lane technical replicate pairs).
Comparison of the technical replicates under different treatments, either globin depleted (GD) or not (NGD), will allow us to assess technical variability associated with globin depletion and study differences in transcriptome profiles. We hypothesized that depletion of the overabundant globin mRNAs would free up sequencing space for deeper coverage of the remaining transcript population at a given depth of coverage. Comparison of the biological replicates will allow us to examine the effect of GD on biological variability across the 6 individuals. Finally we performed differential gene expression (DGE) analysis between GD and NGD samples, in order to study any systematic effects of globin in Figure 1 and the technical details of blood collection, RNA extraction, ERCC spike-in and sequencing are detailed below.
Blood sample collection and RNA extraction
Peripheral venous blood samples for 6 healthy volunteers (3 male and 3 female) were collected into PAXgene Blood RNA tubes (PreAnalytiX GmbH-BD Biosciences, Mississauga, ON, Canada) and BD vacutainer plastic EDTA tubes (BD Biosciences). Each subject donated 7 PAXgene blood samples and 1 EDTA blood sample. An aliquot of the EDTA collected blood was processed for total and differential cell counts on a Cell-Dyn automated hematology analyzer (Abbott, IL, USA). For each subject, 3 of the 7 PAXgene tubes were pooled. Total RNA was isolated from these subject-specific pooled samples, resulting in 6 subject-specific total RNA samples. The remaining 4 tubes were pooled across all subjects and total RNA isolated from this single pooled sample to create a single pooled total RNA sample, which was then aliquoted out to create 6 technical replicate total RNA samples. Total RNA, including small RNAs, was purified from PAXgene collected blood using the PAXgene Blood miRNA Kit (cat#763134, Qiagen, Chatsworth, CA, USA) according to manufacturer's protocols. The quality and yield of the isolated RNA was assessed using a NanoDrop8000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The 12 RNA samples (6 biological replicates and 6 technical replicates) were each further divided into two and either submitted to globin transcript depletion or not.
ERCC RNA spike-in control mix addition, RNA concentration and globin mRNA depletion
In order to assess the technology platform dynamic range and lower limit of detection, External RNA Controls Consortium (ERCC) RNA spike-in control mix (cat#4456740, Invitrogen, San Diego, CA, USA) was added to each RNA sample before further processing. The 12 total RNA aliquots (6 biological replicates, 6 technical replicates) destined for globin transcript depletion were further processed as follows. RNA was concentrated using RNeasy MinElute Cleanup Kit (cat#74204, Qiagen) to reduce sample volume before globin transcript depletion. Human alpha and beta globin mRNA was then depleted from total RNA using the GLOBINclear kit (cat#AM1980, Ambion-Applied Biosystems, Mississauga, ON, Canada) and following the manufacturer's protocols. Prior to sequencing, the amount and quality of all 24 RNA samples were assessed using a NanoDrop8000 Spectrophotometer and Agilent 2100 Bioanalyzer.
cDNA library construction and sequencing 1.75-3 mg total RNA samples were arrayed into a 96-well plate and PolyA+ RNA was purified using the 96-well MultiMACS mRNA isolation kit on the MultiMACS 96 separator (Miltenyi Biotec, Germany) with on column DNaseI-treatment as per the depletion on gene expression. A schematic of the study is shown manufacturer's instructions. The eluted PolyA+ RNA was ethanol precipitated and resuspended in 10 mL of DEPC treated water with 1:20 SuperaseIN (Life Technologies, USA). Double-stranded cDNA was synthesized from the purified polyA+ RNA using the Superscript Double-Stranded cDNA Synthesis kit (Life Technologies, USA) and random hexamer primers at a concentration of 5 mM. The cDNA was quantified in a 96-well format using PicoGreen (Life Technologies, USA) and VICTOR 3 V Spectrophotometer (PerkinElmer, Inc. USA). The quality was checked on a random sampling on the Agilent Bioanalyzer using the High Sensitivity DNA chip Assay. cDNA was fragmented by Covaris E210 (Covaris, USA) for 55 seconds, a ''Duty cycle'' of 20% and ''Intensity'' of 5. Plate-based libraries were prepared following the BC Cancer Agency, Genome Sciences Centre paired-end (PE) protocol on a Biomek FX robot (Beckman-Coulter, USA). Briefly, the cDNA was purified in 96-well format using Ampure XP SPRI beads, and was subject to end-repair and phosphorylation by T4 DNA polymerase, Klenow DNA Polymerase, and T4 polynucleotide kinase, respectively, in a single reaction, followed by cleanup using Ampure XP SPRI beads and 39 A-tailing by Klenow fragment (39 to 59 exo minus). After cleanup using Ampure XP SPRI beads, picogreen quantification was performed to determine the amount of Illumina PE adapters used in the next step of adapter ligation reaction. The adapter-ligated products were purified using Ampure XP SPRI beads, then PCR-amplified with Phusion DNA Polymerase (Thermo Fisher Scientific Inc. USA) using Illumina's PE primer set, with cycle condition 98uC 30 sec followed by 10 cycles of 98uC 10 sec, 65uC 30 sec and 72uC 30 sec, and then 72uC 5 min. The PCR products were purified using Ampure XP SPRI beads, and checked with Caliper LabChip GX for DNA samples using the High Sensitivity Assay (PerkinElmer, Inc. USA). PCR products were normalized and pooled into two pools of twelve samples each. Pooled libraries of desired size range were purified using 8% Novex TBE Gels (Life Technologies, USA), and the DNA quality was assessed and quantified using an Agilent DNA 1000 series II assay and QuantiT dsDNA HS Assay Kit using a Qubit fluorometer (Invitrogen). Libraries were then diluted to 8 nM. The final concentration was verified by Quant-iT dsDNA HS Assay. 75 base paired end reads were generated on Illumina HiSeq 2000 instruments using Version 3 flowcells, cluster generation and SBS kits and utilizing HCS V1.4.8 software.
Summary of sequencing data and differential gene expression analysis
Twelve samples were sequenced for each treatment (NGD and GD; 6 technical replicates and 6 biological replicates) on 2 sequencing lanes per group, multiplexing the 12 samples on each lane for a balanced block design [13] . We therefore generated sequence data using 4 sequencing lanes in total, and each sample was sequenced on 2 separate lanes (at different times), serving as an additional (most similar) technical replicate for each sample. Sequence data quality check was performed using fastqc (v0.10.1). Sequence alignment to the UCSC reference genome (hg18) was carried out using Tophat [14] (v1.3.2). Assembly of transcripts and estimation of their abundance was performed using either Cufflinks [15] (v2.0.1) or the ''summarizeOverlaps'' function from the ''GenomicRanges'' package [16] (v1.12.5) for the R Statistical Programming Language [17] (v3.0.2). Cufflinks normalizes read counts, providing an estimate of the relative abundance of each transcript in each sample that allows for comparisons of relative abundance across transcripts. This normalization uses the total number of sequence reads, as well as transcript length, and is denoted as FPKM (fragments per kilobase of transcript per million mapped reads). We used a stringent cutoff of FPKM$1 to define transcripts that are robustly expressed [18] . Cuffmerge was used to merge separate lanes into one combined lane mapping result. Sequence data manipulation was performed using samtools [19] (v0.1.18). Sequence mapping to the genome and to the transcriptome was visualized in IGV [20] (v2.2). Finally, differential gene expression analysis was performed using the edgeR package [21] (v3.2.4). We limited our analysis to 7397 well annotated genes: 66803 UCSC transcripts were reduced to 13856 well annotated transcripts and collapsed to 7397 unique gene symbols. Genes with multiple mapping transcripts were assigned the maximum read count across all mapping transcripts. Plots were generated using the excellent ggplot2 package [22] (v0.9.3.1). The raw reads and summarized FPKMs for all samples are available on GEO (GSE53655).
Results
Effect of globin depletion on RNA-Seq data quality
In order to assess the effect of globin depletion on RNA-Seq data quality, the mean amount of RNA extracted (ng) from a fixed-volume (2.5 mL) PAXgene tube, UV 260/280 and UV 260/ 230 absorbance ratios, RNA integrity number (RIN), number of mapped reads, and number of robustly detectable transcripts (FPKM$1) were compared between GD and NGD samples, in both technical and biological replicates (summarized in Table 1 ; detail available in Table S1 and Table S2 , respectively). Background could not be directly estimated as in [18] , so a conservative threshold of 1 fragment per kilobase of transcript per million fragments mapped (FPKM) was selected. Transcripts with FPKM$1 were deemed detectable with high confidence. At a given depth of coverage, we expected that depleting globin transcripts would allow for increased sampling of lower expressing transcripts, resulting in increased detectable transcript counts in GD samples.
The amount of extracted RNA, 260/280 and 260/230 UV absorption ratios, and RNA integrity number (RIN) were all significantly lower in globin-depleted samples, in both biological replicates and pooled technical replicates. However, the RNA amounts were above the recommended lower limit for library construction, 260/280 UV absorption ratio were greater than 2.0 and RIN above 8 across all GD samples. While the 260/230 UV absorption ratios were low (,1.0) in GD samples, this had no effect on either the total number of reads, total number of mapped reads or percent of mapped reads. The total number of mapped reads varied significantly across samples (coefficient of variation
[CV] across technical replicates was 0.18 in NGD samples and 0.58 in GD samples; significant; p#0.05), but not between lanes ( Figure S1) . We observed that the total number of reads and number of mapped reads was generally higher in the biological replicates when compared to the pooled technical replicates, and this was especially pronounced in NGD samples. There was no statistically significant difference in the total number of reads and total number of mapped reads between GD samples and NGD samples, in both technical and biological replicates. We noted that sequence lanes 1 (GD) and 2 (NGD), which were on the same flowcell, consistently yielded more mapped reads when compared to lanes 4 (GD) and 5 (NGD), which were on a different flowcell and sequenced several weeks later. On average, approximately 0.01% of reads were filtered out prior to mapping due to poor quality across all samples.
Finally, the total transcript counts were normalized across all samples and both marginal and detectable transcript counts computed for NGD and GD samples. The efficiency of globin depletion in reducing the relative abundance of globin transcripts in total RNA samples was less than reported by the provided kit's manufacturer. The proportion of total reads mapping to globin transcripts (HBA1, HBA2, HBB) was determined for each of the biological replicates and compared in globin depleted (GD) and non-globin depleted (NGD) samples. Globin depletion reduced the proportion of globin-mapped reads (mean 81% vs. 17% of reads mapping to globin transcripts; p,,0.01). A visualization of the effect of globin depletion on HBA1 transcript coverage in an exemplar subject is shown in Figure 2 .
Globin depletion does not introduce any significant bias in technical replicates
Next, we wished to investigate whether experimental globin depletion introduced any bias in RNA-Seq data. In order to address this question, we analyzed the correlation of pairs of replicates that were either globin-depleted or not. Recall that all RNA samples (technical and biological, NGD and GD) were sequenced in 2 lanes. The transcript abundances between these lane replicate pairs should exhibit the highest concordance and are used as a benchmark. The count data was log-transformed and the Spearman correlation of NGD or GD lane replicate and technical replicate pairs computed. Correlations were excellent across both lane and technical replicate pairs (Spearman's rho = 0.871-0.910 across all transcripts; 0.921-0.950 when only considering transcripts with FPKM$1; Pearson's product moment correlation = 0.992-0.999; Figure 3 ). Globin depletion significantly improved the correlation in both lane and technical replicate pairs (p,,0.01). As expected, correlation was worse in NGD technical replicates compared to lane replicates (p,,1e-5). Interestingly, this was not the case when comparing GD technical replicate pairs to GD lane replicates (p = 0.397). Finally, we noted that there appeared to be greater transcript density in the 2.5-1000 FPKM range in GD samples. This is consistent with our hypothesis that globin depletion might free up sequencing space for deeper coverage of the non-globin transcript population.
Globin depletion yields 3500 additional robustly detectable transcripts from a single representative peripheral whole blood RNA-Seq experiment
We next elected to investigate the effect of globin depletion on the FPKM values of individual transcripts, as well as the overall distribution of sample transcript FPKMs. We visualized the effect of globin depletion on transcript FPKMs by plotting NGD vs. GD (an exemplar sample is shown in Figure 4A ). The measured expression of transcripts was generally higher in globin depleted samples (most transcripts were above the diagonal). Approximately 3500 additional transcripts were detectable at FPKM$1 in the exemplar sample following globin depletion (i.e., FPKM,1 in NGD, but $1 in GD). They were mostly non-coding, with low and highly variable expression (i.e., CV.1; FPKM 1-1000). In addition, approximately 650 transcripts (mostly non-coding) were no longer detectable in GD samples. The distribution of transcript FPKMs ( Figure 4B ) illustrates the additional discovery space that globin depletion in peripheral whole blood RNA-Seq data provides: globin depletion resulted in a marked shift in the transcript FPKM density distribution curve, with fewer transcripts in the 0-2.5 FPKM range and more transcripts between 2.5-1000 FPKM. This is consistent with the statistically significant increase in the number of detectable transcripts (and accompanied decrease in the number of marginal transcripts) that was observed in both technical and biological replicates ( Table 1) . Finally, variation of transcript expression across technical replicates was generally low, but coefficient of variation was significantly lower in GD technical replicates (median CV technical replicates = 0.13 in NGD samples, median CV technical replicates = 0.11 in GD samples; p,,0.01; Figure 5 ). As expected, biological replicates CVs were generally higher than that seen in technical replicates. Interestingly, CVs were higher in GD biological replicates (median CV biological replicates = .21 in NGD samples, median CV biological replicates = 0.25 in GD samples; p,,0.01).
ERCC spike-in controls to measure accuracy, sensitivity, and reproducibility of whole blood RNA-Seq
We used a panel of external RNAs, developed by the External RNA Controls Consortium (ERCC) [23, 24] , as spike-in controls. These consisted of a set of 92 unlabeled, polyadenylated transcripts added to each sample after sample isolation and prior to globin depletion. The dynamic range of our data was approximately FPKM 1.5-590000, reliably detecting approximately 96% of the synthetic ERCC RNAs. Concentration of the 92 ERCC synthetic RNAs ranged from 0.014-30000 attomoles/ mL. ERCC spike-in controls indicated good correlation between the known concentrations and sequencing coverage of the synthetic RNAs overall (r = 0.924-0.981; Figure S2 ). 
Differential gene expression as a result of globin depletion
Finally, we carried out a differential gene expression analysis comparing NGD and GD samples. We used a number of different experimental designs to investigate the effect of globin depletion on gene expression as assessed by RNA-Seq. We first compared individual NGD vs. GD subjects, using different lanes as replicates (Figure 6A : Subject 3 & Subject 6). We also compared pooled technical replicates NGD vs. GD samples, merging reads from replicate lanes ( Figure 6A: Pooled Analysis) . Finally, we studied the effect of globin depletion across all subjects, using merged lane reads and subtracting their baseline differences ( Figure 6A : Paired Analysis). As expected, the differentially expressed genes identified in these various designs heavily overlapped. Over a thousand genes were consistently up-regulated as a result of globin depletion (FDR#0.01; Figure 6B ), while only a handful of genes were consistently down-regulated across various experimental designs ( Figure 6C ). These down-regulated genes are tabulated in Table 2 and summarized to enriched GO molecular function terms in Table 3 . 
Discussion
Experimental globin depletion significantly reduced both the amount and quality of RNA isolated from PAXgene blood, but this did not have any measurable effect on our ability to construct a cDNA library from the extracted RNA. Indeed, there was no statistically significant difference in the total number of reads, total number of mapped reads or percentage of reads filtered out due to poor quality between GD samples and NGD samples. Conversely, both experimental pooling of the biological replicates and sequencing batch had a significant effect on the total number of reads and total number of mapped reads, and this was more pronounced in NGD samples. Experimental globin depletion removed a majority of globin transcripts (18% of reads mapping to globin transcripts in GD samples vs. 81% in NGD samples), but we note that the observed effectiveness was less than previously reported [7] . Globin depletion resulted in a significantly higher number of reliably detectable transcripts (FPKM$1), in both technical and biological replicates. Technical reproducibility was high and was generally improved by globin depletion (rho NGD lane replicates = 0.887, rho GD lane replicates = 0.898; p,,0.01). In addition, while the correlation of pooled technical replicate pairs was worse than that of lane replicate pairs in NGD samples, it was not significantly worse in GD samples. Taken together, this suggests that globin depletion does not introduce significant bias to RNA-Seq data.
As expected, transcript FPKMs were generally higher following globin depletion, with 3500 additional transcripts reaching our chosen detection threshold (FPKM$1) in GD samples compared to NGD samples in an exemplar biological replicate (mean number of additional transcripts reaching FPKM$1 across samples = 5000). The majority of these newly detectable transcripts had low expression (FPKM#10), though there were some notable outliers (FPKM$10000). A number of non-globin transcripts were reproducibly depleted in GD biological replicates. Most of these transcripts were non-coding, and some exhibited highly variable expression across samples. Their reproducible depletion across all samples suggests that the globin depletion procedure itself is responsible, though why these particular transcripts were selectively depleted is not known. Unexplained, reproducible depletion of non-globin transcripts following globin depletion has been previously reported [7] . Assessing the effects of globin depletion on well annotated transcripts, mapping to unique gene symbols only, yielded more predictable results: over a thousand genes were consistently up-regulated as a result of globin depletion (FDR#0.01), and only a handful of genes were consistently down-regulated across various experimental designs. Gene enrichment analysis results for these consistently downregulated genes were predominantly driven by the presence of 2 hemoglobin genes (HBB and HBD; 9 of 12 significantly enriched GO molecular function terms at p#0.05). The 3 remaining GO terms were driven by RALGAPA1 (Ral GTPase activator activity) and ZNF44, HELZ, ZC3H6, MBNL1, ZNF587, POLK, and ZNF292 (metal ion binding/zinc ion binding), respectively. Down regulation of zinc ion binding related genes as a result of experimental globin depletion has not been previously reported.
Overall, globin depletion appears to meaningfully improve the quality of peripheral whole blood RNA-Seq data, increasing the number of detectable transcripts (1.5-1000 FPKM range of expression values), while reducing the number of transcripts with marginal expression. Furthermore, it may improve our ability to detect true biological variation by reducing the technical variation inherent in peripheral whole blood RNA-Seq cDNA library preparation and sequencing. A key concern is the significant reduction in the amount of extracted RNA following experimental globin depletion. Biological samples are rarely easy to replace or replenish. Recommended library construction methods for RNASeq still require high amounts of starting RNA material and the loss following globin depletion may jeopardize the quality of the data from samples with only marginal amounts of available starting RNA material. Finally, while the cost of library construction in RNA-Seq experiments is considerable and relatively static, subsequent sequencing is rapidly becoming more affordable. With sufficient sequencing depth of coverage, it should be possible to replicate the effect of globin depletion without actually performing experimental depletion. Furthermore, sequential sequencing of a sample yields highly reproducible results. Therefore, in circumstances where RNA yields are necessarily low, it makes more sense to simply construct a library from all available RNA and sequence aliquots at the maximal depth of coverage one can afford. Additional depth will only become more affordable as time passes. This is particularly relevant to biobanking efforts. More generally, our investigation of technical and biological variation with and without globin depletion finds that highthroughput sequencing by RNA-Seq is highly reproducible within a large dynamic range of detection and provides an accurate estimation of RNA concentration in peripheral whole blood. High-throughput sequencing is thus a promising technology for whole blood transcriptomics and biomarker discovery. 
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